A total of 70 pregnant women were recruited for this study, including 35 early onset preeclampsia (PE) and 35 normal pregnant women. By RNA sequencing, the circular RNA (circRNAs) in placenta were identified. Differentially expressed circRNAs were bioinformatics analyzed with gene ontology, Kyoto Encyclopedia of Genes and Genomes, and circRNA-miRNA interaction prediction. Quantitative real time polymerase chain reaction(qRT-PCR) assay was used to verify the results. Compared with the normal pregnant women, there were 49 circRNAs differentially expressed in the placental tissue of PE women, including two circRNAs were up-regulated and 47 were down-regulated. Ten differentially expressed circRNAs were selected for validation by qRT-PCR, among which results of three circRNAs, circRNA_3286, circRNA_5593, and circRNA_3800, were consistent with the sequencing. According to the bioinformatic prediction, we speculate that these circRNAs may be involved in some cellular regulatory functions in PE through their targeted miRNAs. We also evaluated the expression of circRNA_3286 in plasma to be used as a potential biomarker for PE; in vitro Transwell assay shown transfected with si-circ-3286 significantly reduced invasion in HTR8/Svneo cells. In conclusion, we displayed a preliminary landscape of circRNA differential expression in PE and discussed their possible regulatory mechanisms. This study revealed a new insight into the molecular mechanism of PE.
Introduction
Preeclampsia (PE) is one of the main causes of maternal death. The global incidence rate of PE is 4.6%, while the incidence of eclampsia is 1.4%. PE can cause severe maternal and neonatal complications with multisystem disturbance syndrome. 1, 2 However, the exact pathogenesis remains unclear. With the deepening of the research on the pathogenesis of PE, more and more biological factors have aroused widespread concern, and their abnormal changes may be involved in the pathogenesis of PE. Especially in recent years, with the rapid development of molecular biology, the discovery of some small molecules may be able to show the features of disease more clearly.
As a kind of special non-coding RNA, circular RNAs (circRNAs) have the characteristics of evolutionary conservation, structural stability, tissue specificity, etc. 3, 4 Because of these biological features, circRNA has attracted wide attention in recent years. They play important roles in tumor, nervous system disease, diabetes, etc. [5] [6] [7] CircRNAs serve its biological function as miRNA sponges and affect the expression of downstream genes. 8, 9 Some reports showed that there were also circRNAs in the human placenta and might be related to the occurrence of pregnancy complications. 10 Qian's 11 group first reported that circRNAs might be involved in the invasion and apoptosis of trophoblast cells in the development of PE through acting on certain targeted miRNAs. However, their exact
Impact statement
The abnormal expression of many regulatory factors may be involved in the development of PE. circRNAs are proved to have a series of important biological functions; however, reports about circRNA and PE are rare. In this work, we evaluated the profile analysis of circRNAs in human placenta of PE by RNA-seq and found some newly differentially expressed circRNAs which might be involved in PE. Combined with bioinformatics analysis, their possible functions were preliminarily discussed.
function about the development of PE remains largely unknown. It has attracted our interest in further research.
In the present study, we identified the different expression of circRNAs in placenta from early onset PE by RNA sequencing and investigated their biological function by bioinformatics analysis preliminarily. We hope to clarify the relationship between circRNAs and the occurrence of PE.
Materials and methods

Sample collection
During August 2016-June 2017, a total of 70 pregnant women undergone cesarean section from Changzhou Women and Children Health Hospital affiliated to Nanjing Medical University were recruited for this study, including 35 cases with early onset PE and 35 normal pregnant women. Table 1 shows their baseline characteristics. All pregnant women were excluded from primary hypertension, multiple pregnancy, chromosomal abnormalities, congenital malformations, and suspected perinatal infection. All the patients were consent informed.
Plasma samples were collected before cesarean section, and placental tissues were obtained within 10 min after cesarean section. We collected the central part of placenta and avoided infection, bleeding, and calcification. The tissues were cut into 1 g size, washed with normal saline, and dried with gauze to absorb the surface liquid. Then we cut them carefully into pieces and froze them in À80 C immediately after adding 1 mL Trizol. Three cases and three paired controls were chosen to use RNA sequencing analysis. The chosen circRNAs were further confirmed by qRT-PCR.
RNA extraction and sequencing
After sample collection, total RNA was extracted using RNA Extraction Kit (Qiagen) according to its protocol. Then 5 mg total RNA was treated by Ribo Zero Magnetic kit (Plant Leaf, MRZPL116, Epicentre) in order to remove ribosomal RNA. Three hundred nanogram ribosomal RNA-depleted RNA samples were interrupted by high temperature in a buffer containing two valence cations. The first strand of cDNA was reverse transcripted randomly by Superscript II (Invitrogen) using random primer (Takara). The second strand of cDNA chain was synthesized and dNTP was substituted by dUTP in the reaction system. The double-stranded cDNA was repaired and A was added to its 3 terminal end. Then Illumina Truseq adaptor was digested and purified by USER enzyme (NEB). Products were purified and digested, and amplified by Illumina P5 and P7 primers using PCR. The amplified products were separated by 2% agarose gel electrophoresis and the 350-500 bp bands were collected. This final product was the final library and was prepared for sequencing by Illumina HiSeq X Ten (Berry Genomics, Beijing, China).
Identification and quantification of human circRNAs
After sequencing, raw data were filtered, high quality clean data were obtained by removing the joint sequence and low quality reads. The sequence of clean data was compared with the reference genome, and mapped data were obtained. Based on mapped data, the quality of sequencing library was evaluated by inserting fragment length and randomness test. CircRNAs were predicted by CIRI 12 and compared with the circRNAs in the circBase (http://www. circbase.org/). For the obtained clean reads, STAR was used to compare with the reference genome and the reference gene source ensemble GRCh37.fa (Hg 19.fa). Deseq 13 software was used to standardize the number of junction reads of each sample circRNAs (basemean value was used to estimate the amount of expression). The different multiples were calculated and reads were tested, then the differentially expressed circRNAs were screened according to the test results. Fold changes (FCs)>2 and P < 0.05 were set as significant difference.
Gene ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis
The differentially expressed circRNAs were subjected to gene ontology (GO) and KEGG pathway analyses based on their origin genes using Gene Ontology (http:// www.geneontology.org/) and KOBAS software (KEGG Orthology-Based Annotation System).
CircRNA-miRNA interaction prediction
Since circRNA contains multiple miRNA binding sites, two prediction algorithms (Circinteractom and miRanda) were used to predict targeted miRNAs by circRNAs. The function of this part of circRNAs could be elucidated according to the functional annotation of the miRNA target genes.
qRT-PCR assay
We randomly selected 10 circRNAs from the results of RNA sequencing to qRT-PCR verification. After the total RNA was extracted as above, cDNA was obtained by reverse transcription Kit (Promega M-MLV), and qRT-PCR was performed according to the designed primers, part of which are shown in Table 2 . The PCRs were run as follows: denaturation 95 C for 10 min, followed by amplification by 38 cycles of 95 C for 10 s and 60 C for 1 min.
Cell culture and transfection 0 -ACGUGACACGUUCGGA GAA-3 0 (antisense). All these sequences were synthesized by Ribo Co., Ltd (Guangzhou, China).
Cell invasion assay
Transwell (Corning, USA) was assessed to evaluate the invasion capacity of the trophoblast cells. Upper chamber of Transwell was coated with Matrigel gel (BD, USA). HTR-8/SVneo cells were cultured in serum-free medium for 24 h, then the cell density was adjusted to 1 Â 10 5 cells/mL, and 100 mL cell suspension was added to the top chamber, while 500 mL of culture medium containing 20% FBS was added to the lower chamber. After cultured in 37 C for 24 h, cells and the Matrigel on the top surface of the Transwell membrane were wiped off with cotton swab. The cells on the bottom surface of the membrane were fixed with cold paraformaldehyde and stained with 500 mL 0.1% crystal violet (Sigma, USA). Five fields on each membrane were randomly selected and the invaded cells were counted.
Statistical analysis
The data of qRT-PCR were analyzed by SPSS 19 software, they were expressed by mean and standard error, and the t test was used to compare the mean of the two sets of samples. The receiver operating characteristic (ROC) curve was established to evaluate the circRNAs' diagnostic value by SPSS19. P < 0.05 was set as a statistical significance.
Results
Identification and quantification of human circRNAs
Compared with the information of human circRNAs in CircBase, we had identified 8802 circRNAs in the placenta. According to the CircBase, 8231 circRNAs had been reported, while 571 circRNAs were newly discovered (Figure 1(a) ). Heat map (Figure 1(b) ) and Volcano plots (Figure 1(c) ) revealed the different expression profiles of circRNAs between PE women and normal control group. Compared with the normal pregnant women, there were 49 circRNAs (FC > 2 and P < 0.05) differentially expressed in the placental tissue of PE women, including two circRNAs were up-regulated and 47were down-regulated. Their information are shown in Table 3 .
Functional analysis of differentially expressed circRNAs
GO is an international standard classification system for gene function. The differentially expressed circRNAs' origin genes were analyzed by GO and KEGG enrichment (Figure 2 (a) and (c)). We found these differentially expressed circRNAs might be associated with GO functional annotation of transcriptional repressor complex, SUMO binding, regulation of epithelial/endothelial cell migration, etc. Meanwhile, the most enriched KEGG pathways included ether lipid metabolism, endocrine resistance, glycerophospholipid metabolism. Disease enrichment result (Figure 2(b) ) shows that they might involve in spinocerebellar ataxia, spinocerebellar degeneration, chronic pulmonary heart disease, etc.
qRT-PCR assay
In order to validate the RNA sequencing results and study the possible mechanism of circRNAs in the development of PE, 10 circRNAs were randomly selected to detect by qRT-PCR. Compared with the control group, the expression of three circRNAs (circRNA_3286, circRNA_5593, and circRNA_3800) in placenta (35 cases of PE and 35 cases of normal) was decreased significantly (Figure 3) , which is consistent with RNA sequencing data, their primer sequences are shown in Table 2 .
CircRNA-miRNA interaction analysis
CircRNAs act as target molecules of miRNAs; the interaction analysis of circRNA-miRNA can help to resolve the function and mechanism of circRNA as miRNA sponges, so we elucidated the function of this part of circRNAs according to the miRNA target genes. According to the prediction Table 2 . Primer sequences of the circRNAs. results, the miRNAs interacted with circRNA_3286, circRNA_5593, and circRNA_3800 are shown in Table 4 .
Evaluation of circRNA _3286 in plasma of PE patients
We evaluated the expression of these three circRNAs validated by qRT-PCR in plasma to be used as candidate biomarkers for PE. In all plasma samples, circRNA_3286 had a detection rate of 100% (Figure 4(a) ), while the other two circRNAs (circRNA_5593 and circRNA_3800) had detection rates below 20% in both PE and control plasma samples, therefore, they were excluded from our subsequent analyses. ROC curves were obtained from the data of all 35 plasma of pregnant women with PE and 35 normal controls; circRNA_3286 showed an area under ROC curve of 0.764 (95% CI: 0.652-0.875, P < 0.01), sensitivity of 80%, and specificity of 68.6% (Figure 4(b) ).
si-circ_3286 inhibited cell invasion in HTR8/Svneo cells
Transwell assay was conducted to further demonstrate the role of circRNA_3286 in HTR8/Svneo cell invasion. Transfected with si-circ-3286 significantly reduced circRNA _3286 expression ( Figure 5(b) ) and cell invasion ( Figure 5(a) and (c) ). The number of cells migrating through the Transwell membrane in si-circ-3286 group was less than that in control and si-NC group (p<0.01).
Discussion
In the past, circRNAs were thought to be a class of low abundant RNA molecules formed by the splicing of exons.
14 Recently, with the rapid development of bioinformatics and the constant innovation of high-throughput sequencing technology, more and more functional circRNAs have been identified. 3, 15 Accumulating evidence indicated that circRNAs had a series of important biological functions, such as the miRNA sponges. 6 They acted as competitive endogenous RNAs through effectively adsorbing miRNAs and regulating their target genes. Research about circRNAs is mainly focused on tumor, and they might become a kind of new biomarkers. [16] [17] [18] However, there were few reports about the relationship between circRNAs and pregnancy. Maass's group detected 63 circRNAs in human placenta. By function prediction, they thought some circRNAs might be related to pregnancy complications, such as early onset PE, fetal growth restriction, and infection during pregnancy. 10 It is well known that PE is a serious and common pregnancy complication, but its pathogens remain to be elucidated. It is believed that it may involve immune maladaptation, inadequate placental development and trophoblast invasion, placental ischemia, oxidative stress and thrombosis, and so on. It is generally recognized that all the symptoms of PE are related to the placenta, while the fetus is not a necessary condition. Because in some cases of ectopic pregnancy, the symptoms of PE would continue to exist except for the placenta being removed, even if the fetus was dead. 2 Recently, the discovery of small molecules in the placenta may be able to reveal the essence of PE more accurately. For example, He's group reported that clusters of lncRNAs were aberrantly expressed in PE placenta, which might play a partial or key role in PE development. Especially they put forward that LOC391533, LOC284100, and CEACAMP8 might contribute to the mechanism underlying PE. 19 However, the research focus on circRNAs and PE is extremely rare.
In our study, we successfully discovered 49 differentially expressed circRNAs in the PE placenta by RNA sequencing. Their biological functions were predicted by bioinformatics analysis. Meanwhile, three circRNAs (circRNA_3286, circRNA_5593, and circRNA_3800) were selected to confirm the results of the RNA-seq and explore the possible mechanism of PE. Analogously, Qian et al.
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also found the differentially expressed circRNAs in the placenta of PE patients by microarrays. Compared with their chip technology, RNA sequencing technology has many advantages. For example, the gene chip reflects the transcriptional expression level by judging the strength of the hybridization signal indirectly, so it is easy to be interfered by background signal and interleaving hybridization. At the same time, microarray cannot be used for detecting of low-abundance transcription. Without special probes, RNA sequencing can detect all transcripts in cells with higher resolution and coverage, in this way new transcripts can be discovered.
As we know, circRNAs have a series of important biological functions, such as the miRNA sponges. 6 They act as competitive endogenous RNAs through effectively adsorbing miRNAs and regulating their target genes. CircRNAs can interact with RNA-binding proteins to affect the expression of their parent gene mRNAs. 20, 21 On the other hand, the complementary pairing between introns can form a balance between linear RNA and circRNA, which would influence the expression of mRNA and even protein translation. 20, 22 Among these three circRNAs verified by qRT-PCR, we preliminarily discussed the possible mechanisms for their participation in PE. We found circRNA_3286 was overlapped in the PAPPA gene which encodes a pregnancyrelated protein. It is well known that the circulating concentrations of PAPPA were proved to be associated with the development of PE. 23, 24 This is a reminder that circRNA_3286 might be involved in the pathogenesis of PE. Through bioinformatics analysis, we found circRNA_3286 was targeted by miR-1224-5p, miR-1306-5p, miR-711, and miR-5193 etc. Qian et al. 25 reported exogenous expression of miR-1224-5p in glioma cells suppressed proliferation and invasion and promoted apoptosis, and it was decreased in high-grade gliomas. Studies suggested that the function of the placental trophoblast cells has an important role in the occurrence of PE, such as differentiation, proliferation, migration, and invasion. [26] [27] [28] Moreover, TGFb1 signaling pathway was thought to be involved in the occurrence and development of PE, 29 while miR-1224-5p was reported to act as tumorsuppressive role via the TGFb1/Smad3 signaling pathway. 30 So we speculated that miR-1224-5p might also play its role in inhibiting trophoblast cell proliferation, invasion, and induce apoptosis via TGFb1/Smad3 signaling pathway in PE. Based on the above theory, we think that circRNA_3286 may be involved in the differentiation, proliferation, migration, and invasion of PE placenta through miR-1224-5p. TGFb1 signaling pathway may be its important mode of action. Meanwhile, it is believed that cardiovascular disease was closely related to PE, 31, 32 mainly in the vascular endothelial injury. MiR-1306-5p was recently reported positively associated with adverse clinical outcome in heart failure, 33, 34 which had the binding sites of circRNA_3286. MiR-711 was another target of circRNA_3286 and it was reported to be associated with proliferation and apoptosis in tumor. 35, 36 In addition, circRNA_5593 and circRNA_3800 were two unreported circRNAs. They also had target miRNAs, such as miR-744-5p, miR-1538, miR-2278, miR-3687 and they were gradually found to play an important role in the life process. [37] [38] [39] [40] Then we evaluated the expression of these three circRNAs in plasma to be regarded as potential biomarkers for prediction of PE, among which the expression data of circRNA_3286 might serve as a candidate potential biomarker for diagnosis of PE. In recent years, more and more studies indicated that the abnormal recasting of spiral arteries and the defect of trophoblast cell invasion play an important role in the pathogenesis of PE. 27, 41 In order to explore whether circRNA_3286 affects the invasion of trophoblast cells, Transwell assay was conducted in HTR8/SVneo cells. We found that transfected with si-circ-3286 significantly inhibited the cell invasion capability. This result suggested that abnormal expression of circRNA_3286 may be involved in the pathogenesis of PE.
However, there were limitations in this study. First, the samples number was small, especially for RNA sequencing. Second, the bioinformatics analysis was superficial, and it was not enough to suggest the role of circRNAs in the development of PE. In addition, the number of differentially expressed circRNAs which we discovered were not very many. The obtained circRNAs were defined mainly by bioinformatic prediction, which has its own limitation on accuracy and sensitivity. Our study on the possible mechanism of related circRNAs is only at the initial stage; additional in-depth function of these placenta-related circRNAs should be investigated in vivo/in vitro for a more comprehensive understanding in future study.
In conclusion, our study displayed a preliminary landscape of circRNA differential expression in PE. These circRNAs may be involved in the changes of trophoblast function of PE placenta, especially circRNA_3286. This study revealed a new insight into the molecular mechanism of PE.
